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Description 



[TESTING AND REPAIR METHODOLOGY 
FOR MEMORIES HAVING REDUNDANCY] 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] The present invention relates to the field of integrated cir- 
cuits; more specifically, it relates to a method of testing 
and repairing memory circuits of integrated circuits by re- 
placement of portions of the memory circuits with redun- 
dant circuits. 

[0003] BACKGROUND OF THE INVENTION 

[0004] Advanced memory circuits include redundant wordlines 
that can be subsituted for failing wordlines by fusing in 
order to increase yield. However, even though a memory 
circuit "repaired" by substitution a good redundant word- 
line for a "failing" wordline by selectively blowing fuses 
after testing, the "good" wordlines may still contain de- 
fects that can cause reliability fails. Further, the yield in- 



crease realized by this method is not necessarily maxi- 
mized for best-case parametric performance but only for 
test specification parametric performance. Therefore there 
is a need for a methodology for testing and repairing 
memory circuits that improves reliability and increases 
best-case parametric performance yield. 
Summary of Invention 

[0005] a first aspect of the present invention is a method of test- 
ing and repairing an integrated circuit having a total num- 
ber of fuses for effecting repair of the integrated circuit, 
comprising: testing a memory array with a set of tests and 
reserving a first number of the total number of fuses for 
use in repairing the memory array based on results of the 
first set of tests; and shmoo testing the memory array by 
incrementing, decrementing or incrementing and decre- 
menting values of a test parameter until a minimum or 
maximum value of the test parameter is reached that uti- 
lizes a second number of the total number of fuses for 
use in repairing the memory array to operate at the mini- 
mum or maximum value of the test parameter. 

[0006] a second aspect of the present invention is a method of 
testing and repairing an integrated circuit having a total 
number of fuses for effecting repair of the integrated cir- 



cuit, comprising: (a) selecting an integrated circuit chip on 
a wafer for testing; (b) selecting a test parameter for 
shmoo testing; (c) testing a memory array on the selected 
integrated circuit with a set of tests and reserving a first 
number of the total number of fuses for use in repairing 
the memory array based on results of the first set of tests; 
(d) shmoo testing the memory array by incrementing, 
decrementing or incrementing and decrementing values of 
a test parameter until a minimum or maximum value of 
the test parameter is reached that utilizes a second num- 
ber of the total number of fuses for use in repairing the 
memory array to operate at the minimum or maximum 
value of the test parameter; (e) saving the first and second 
sets of fuse data; and (f) repeating steps (a) through (e) 
until all integrated circuit chips on the wafer have been 
selected. 
Brief Description of Drawings 

[0007] The features of the invention are set forth in the ap- 
pended claims. The invention itself, however, will be best 
understood by reference to the following detailed descrip- 
tion of an illustrative embodiment when read in conjunc- 
tion with the accompanying drawings, wherein: 

[0008] FIG. 1 is an exemplary diagram of a first integrated circuit 



chip repairable according to the present invention; 

[0009] FIG. 2 is an exemplary diagram of a second integrated cir- 
cuit chip repairable according to the present invention; 

[001 0] FIG. 3 is a flowchart of a first embodiment of the present 
invention; 

[001 1] FIG. 4 is a flowchart of a first alternative shmoo memory 
test step according to the present invention; 

[0012] FIG. 5 is a flowchart of a second alternative shmoo mem- 
ory test step according to the present invention; 

[0013] FIG. 6 is a flowchart of a second embodiment of the 
present invention; 

[0014] FIG. 7A is a table and FIG. 7B is a diagram illustrating bi- 
nary shmoo memory testing according to the present in- 
vention; and 

[0015] FIG. 8 is a plot of the number of good chips on a wafer as 
a function of an exemplary test voltage range comparing 
standard test and repair with test and repair according to 
the present invention. 
Detailed Description 

[0016] FIG. 1 is an exemplary diagram of a first integrated circuit 
chip repairable according to the present invention. In FIG. 
1, a memory chip 100 includes memory arrays 105 having 
redundant wordlines 110 and support circuits 115 includ- 



ing fuses 120. Generally there is one fuse 120 for each 
redundant wordline 110. Support circuits 120 are linked 
to an external tester 125, which supplies test and address 
data and performs tests on memory chip 100. Support 
circuits include, for example, address decoders, wordline 
and bitline drivers and various amplifier circuits. The re- 
sults of the tests are used to program (also called fuse 
blow) one or more of fuses 120 to replace a failing word- 
lines of memory arrays 105 with one or more of redun- 
dant wordlines 110. In one example, programming fuses 
redirects address information from addresses of failing 
wordlines in memory arrays 105 to redundant wordlines 
110. Memory arrays 105 may comprise any type of mem- 
ory known to the art including but not limited to static 
random access memory (SRAM), dynamic random access 
memory (DRAM) and read only memory (ROM). Fuses 120 
may be programmable by laser oblation or by passing an 
electrical current through the fuse causing a metal line to 
vaporize. Fuses 120 may also comprise antifuses such as 
gate dielectric fuses wherein a voltage applied between 
two plates separated by a thin dielectric layer causes for- 
mation of a conduction path between the two plates. In 
the case of laser fuses, tester 125 saves the test data for 



fuse blow at a fuse blow station. In the case of electrically 
programmable fuses, tester 125 may perform the pro- 
gramming directly or save the fuse data for electrical fuse 
blow at a later time. 
[0017] FIG. 2 is an exemplary diagram of a second integrated cir- 
cuit chip repairable according to the present invention. In 
FIG. 2, an application specific integrated circuit chip (ASIC) 
130 includes logic circuits 135 and embedded memory 
arrays 140 having redundant wordlines 145. ASIC 130 
further includes built-in-self-test (BIST) engines 150 and 
fuses 155. Generally there is one fuse 155 for each re- 
dundant wordline 145. BIST engines 150 generate test 
and address data and tests memory arrays 140. The re- 
sults of the tests are used to program one or more of 
fuses 155 to replace a failing wordlines of memory arrays 
140 with one or more of redundant wordlines 145. Mem- 
ory arrays 140 may comprise any type of memory known 
to the art including but not limited to static random ac- 
cess memory (SRAM), dynamic random access memory 
(DRAM) and read only memory (ROM). Memory arrays 140 
include, support circuits such as, for example, address 
decoders, wordline and bitline drivers and various ampli- 
fier circuits. Fuses 155 may be programmable by laser 



oblation or by passing an electrical current through the 
fuse causing a metal line to vaporize. Fuses 155 may also 
comprise antifuses such as gate dielectric fuses wherein a 
voltage applied between two plates separated by a thin 
dielectric layer causes formation of a conduction path be- 
tween the two plates. In the case of laser fuses, tester 125 
saves the test data for fuse blow at a fuse blow station. In 
the case of electrically programmable fuses, tester 125 or 
BIST engine 150 may perform the programming directly or 
save the fuse data for electrical fuse blow at a later time. 

[0018] Generally testing and fuse blow is performed at wafer 
level on individual chips. A wafer defined is a semicon- 
ductor substrate from which a multiplicity of integrated 
circuit chips are fabricated simultaneously and which may 
be later separated from one another by dicing. 

[0019] FIG. 3 is a flowchart of a first embodiment of the present 
invention. The present invention may be performed on ei- 
ther of the chips illustrated in FIGs. 1 and 2 and described 
supra, or other memory chips or chips containing embed- 
ded memory. In step 200, the first/next chip on a wafer to 
be tested is selected. In step 210, non-memory testing is 
performed. Non-memory testing includes, for example, 
power rail short/open testing, memory array support cir- 



cuit testing and logic circuit testing. In step 215, it is de- 
termined if the selected chip has passed the non-memory 
tests. If the selected chip has not passed the non-memory 
tests then the method continues to step 220 otherwise 
the method continues to step 235. 
[0020] | n s tep 235, the first/next standard memory test is per- 
formed. Standard memory tests include, but are not lim- 
ited to, stuck-at fault testing, transition fault testing, cou- 
pling fault testing, testing of the memory array at maxi- 
mum and minimum memory array operating voltage spec- 
ification limits (VDDmax and VDDmin) and retention time 
testing, all of which are well known in the art. Standard 
memory testing may or may not include testing of the re- 
dundant wordlines and disqualifying failing redundant 
wordlines for use a replacement wordlines for failing 
memory array wordlines. In the case of "bad" redundant 
wordlines the number of fuses associated with "bad" 
wordlines are deducted from the total fuse count 
(sometimes referred to as M herein) as discussed infra. 
Step 235 also includes a check that terminates testing if 
more fuses then the number currently available are re- 
quired as a result of any standard test and the chip is 
marked as unfixable and the method continues directly to 



step 220 as indicated by the dashed line. 

[° 021 ] In step 240, fuse blow data (which fuse to blow to replace 
which failing wordline with a redundant wordline) is saved 
along with a running count of the number of fuses still 
available. The number of fuses still available is equal to 
the number of fuses on the chip for a given memory array 
or portion thereof minus the number of fuses required for 
wordline replacement. In step 245, it is determined if an- 
other test is to be applied. If another test is to be applied 
then the method loops back to step 235 otherwise the 
method continues to step 250. 

[0022] | n s tep 250 it is determined if there are fuses not required 
for wordline replacement in response to the testing per- 
formed in step 235. If there are no fuses (or to small a 
number to implement the wordline replacements de- 
scribed infra) available the method continues to step 220, 
otherwise the method continues to step 255. In step 255, 
shmoo memory testing of one or more test parameters 
according to the present invention is performed. Shmoo 
memory testing is illustrated in FIGs. 4 and 5 and de- 
scribed infra. 

[0023] Returning to step 220, in step 220 it is determined if 
there is another chip to test. If in step 220 there is an- 



other chip to test, then the next chip is selected and steps 
210, 215, 235, 240, 245 250 and 255 repeated. It should 
be noted that used and/or available fuses counts are kept 
for each chip individually. If in step 220, no further chips 
remain to be tested then the method continues to step 
260. In step 260, fuses on each chip are blown 
(programmed) base on the testing results obtained in both 
steps 235 and step 255. Finally in step 265 either retest 
or module build and test is performed. Fuse blow step 
260 is illustrated as occurring after all testing is com- 
pleted (fuses are reserved and the fuse count is of re- 
served fuses), which is generally done when the fuses are 
laser programmable fuses and which may be done when 
the fuses are electrically programmable fuses. However, in 
the case of electrically programmed fuses, fuse blow may 
be performed as part of steps 235 and/or 255 (fuses are 
used and the fuse count is of used fuses) by leaving out 
steps 200 and 240 and starting at step 210. Additionally, 
the method of the present invention is applicable to test- 
ing single chips as well as chips still in wafer form as de- 
scribed supra. 

[0024] FIG. 4 is a flowchart of a first alternative shmoo memory 
test step 255 of FIG. 3 according to the present invention. 



FIG. 4 illustrates a binary method of incrementing/decre- 
menting test parameter values. In step 300, a memory 
test of the array is performed to a first value of a test pa- 
rameter, for example a minimum operating voltage test is 
performed using VDD (parameter) = VDDmin (value) and 
VDD is shmooed lower than VDDmin. In step 305, the 
number of fuses (if any) required to replace failing mem- 
ory array wordlines (if any) with redundant wordlines is 
determined. In step 310, test results are analyzed and 
three paths are available based on a set of rules. 

[0025] R U | e i; jf j n s tep 310, the memory array passes test (with 
or without replacement of memory array wordlines with 
redundant wordlines) at the current value of the test pa- 
rameter and uses less than all of the available fuses, then 
the method continues to step 315 where the value of the 
test parameter is decremented and the method then loops 
back to step 300. The number of available fuses is the 
difference between the number of fuses allocated for re- 
dundant wordline replacement and the number used or 
reserved by standard memory tests of step 235 of FIG. 3. 

[0026] R U |e 2: if in step 310 the test result being analyzed is for 
a test using the second parameter value (the second pass 
through step 310) then the path to step 315 is prohibited. 



Rule 2 overrides Rule 1. 

[0027] R U | e 3; jf j n step 310, the memory array fails test (with or 
without replacement of memory array wordlines with re- 
dundant wordlines) at the current value of the test param- 
eter and uses more than all of the available fuses, then 
the method continues to step 320 where the value of the 
test parameter is incremented and the method then loops 
back to step 300. 

[0028] R U |e 4: jf in step the test result being analyzed is for a test 
using the first parameter value (the first pass through step 
310) then the path to step 320 is prohibited and this por- 
tion of the method is done. Rule 4 overrides Rule 3. 

[0029] Rule 5: if in step 310, the memory array passes test (with 
or without replacement of memory array wordlines with 
redundant wordlines) at the current value of the test pa- 
rameter and uses all of the available fuses then the 
method continues to step 325 where the current fuse 
blow data is outputted. 

[0030] Rule 6: if in step 310 the test result being analyzed is for 
a test using the second parameter value (the second pass 
through step 310) then the memory array passes test 
(with or without replacement of memory array wordlines 
with redundant wordlines) at the current value of the test 



parameter and uses all of the available fuses or less than 
all of the available fuses, then the method continues to 
step 325 where the current fuse blow data is outputted. 
Rule 6 overrides Rule 5. 

[0031] R U |es 2, 4 and 6 governing test result analysis are re- 
quired by the nature of a binary processing methodology. 
An example binary process is illustrated in FIGs. 7 A and 
7B and described infra. 

[0032] Because there is the chance that it is not possible to pass 
to a parameter value and use exactly all the fuses avail- 
able, Rules 1, 3, 5 and 6 can be modified to change the 
phrase "all fuses" to "all available fuses minus a predeter- 
mined number of fuses," the "All-X" of Rules 1, 3, 5 and 6 
in FIG. 4. 

[0033] it is possible that some wordlines targeted for replace- 
ment by standard memory testing may also be targeted by 
the shmoo memory testing of FIG. 4. Logic can be added 
to step 305 and/or step 310 to compensate for this effect 
by checking the fuse blow data saved in step 240 of FIG. 3 
described supra or in step 250 of FIG. 6 described infra. 
Similarly, the number of passes through steps 300, 305, 
310, 315 and 320 can be limited by implementation of a 
Rule 7 in step 310, wherein Rule 7 states proceed to step 



325 if a predetermined number of parameter values (or 
passes through step 310) have been reached. Rule 7 over- 
rides all other rules. 

[0034] The aim of the steps illustrated in FIG. 4 and Rules 1 

through 7 described supra, is to find the lowest (or high- 
est) value of the chosen test parameter that the memory 
array can pass test by replacement of memory array word- 
lines (even if they passed standard memory testing) with 
redundant wordlines using all or a maximum possible 
number of the fuses or redundant wordlines not used or 
reserved by standard testing. 

[0035] FIG. 5 is a flowchart of a second alternative shmoo mem- 
ory test step 255 of FIG. 3 according to the present inven- 
tion. FIG. 5 illustrates a linear method of incrementing or 
decrementing test parameter values. In step 350, a mem- 
ory test of the array is performed to a first value of a test 
parameter, for example minimum operating voltage test is 
performed using VDD (parameter) = VDDmin (value) and 
VDD is shmooed lower than VDDmin. In step 355 the cur- 
rent fuse data is saved. In step 360, the number of fuses 
(if any) required to replace failing memory array wordlines 
(if any) with redundant wordlines is determined. In step 
365, test results are analyzed and three paths are avail- 



able based on a set of rules. 

[0036] R U | e i; jf j n s tep 365, the memory array passes test (with 
or without replacement of memory array wordlines with 
redundant wordlines) at the current value of the test pa- 
rameter and uses less than all of the available fuses, then 
the method continues to step 370 where the value of the 
test parameter is incremented or decremented depending 
if the test parameter is being shmooed to a maximum or 
minimum value and the method then loops back to step 
350. Again, the number of available fuses is the difference 
between the number of fuses allocated for redundant 
wordline replacement and the number used or reserved by 
standard memory tests of step 235 of FIG. 3. 

[0037] R U | e 2: if in step 365, the memory array passes test (with 
or without replacement of memory array wordlines with 
redundant wordlines) at the current value of the test pa- 
rameter and uses all of the available fuses, then the 
method continues to step 375 where the current fuse data 
is outputted. 

[0038] R U |e 3; if in step 365, the memory array fails test (with or 
without replacement of memory array wordlines with re- 
dundant wordlines) at the current value of the test param- 
eter and more than all of the available fuses then the 



method continues to step 380 where the fuse data from 
the immediately previous test is outputted. 

[0039] Because there is the chance that is not possible to pass to 
a parameter value and use exactly all the fuses available, 
Rules 1, 2, and 3 can be modified to change the phrase 
"all fuses" to "all available fuses minus a predetermined 
number of fuses," the "All-X" in rules 1, 2 and 3 of FIG. 5. 

[0040] it is possible that some wordlines targeted for replace- 
ment by standard memory testing may also be targeted by 
the shmoo memory testing of FIG. 5. Logic can be added 
to step 360 and/or step 365 to compensate for this effect 
by checking the fuse blow data saved in step 240 of FIG. 3 
described supra or in step 250 of FIG. 6 described infra. 
Similarly, the number of passes through steps 350, 360, 
365, 370, 375 and 380 can be limited by implementation 
of a Rule 4 in step 365, wherein Rule 4 states proceed to 
step 380 if a predetermined number of parameter values 
(or passes through step 365) have been reached. Rule 4 
overrides all other rules. 

[0041] The aim of the steps illustrated in FIG. 5 and Rules 1 

through 4 described supra, is to find the lowest (or high- 
est) value of the chosen test parameter that the memory 
array can pass test by replacement of memory array word- 



lines (even if they passed standard memory testing) with 
redundant wordlines using all or a maximum possible 
number of the fuses or redundant wordlines not used or 
reserved by standard testing. 

[0042] FIG. 6 is a flowchart of a second embodiment of the 

present invention. In the first embodiment of the present 
invention the starting point for shmoo memory testing 
may occur at a value of a test parameter that was previ- 
ously used during a standard test in step 235 of FIG. 3 as 
described supra. The second embodiment of the present 
invention removes the standard testing to this test pa- 
rameter. The only difference between FIG. 6 and FIG. 3 is 
the addition of steps 225 and 230. All other steps are 
identical. In step 225, the test parameter that is to be 
used in shmoo memory testing in step 255 is identified 
and in step 230 the tests in step 225 associated with this 
value of the test parameter are removed from the list of 
standard memory tests. 

[0043] FIG. 7 A is a table and FIG. 7B is a diagram illustrating a 
binary shmoo memory testing according to the present 
invention. In FIG. 7A, M is the total number of fuses avail- 
able and L is the number of fuses required for all wordline 
replacements as a result of standard memory testing so 



M-L is the number of fuse available wordline replace- 
ments that result from shmoo memory testing. It is desir- 
able to find a value for the test parameter that uses ex- 
actly L or as close L as possible fuses for wordline re- 
placement. Binary shmooing requires maximum and mini- 
mum values be predetermined for the parameter being 
shmooed. In FIG. 7 A the maximum value is VI and the 
minimum value is V2. 

[0044] For the first test sequence four events are possible. A pass 
with more fuses available ((M-L)>0) which results in test- 
ing with the next test decremented parameter value, a 
pass with all available fuses being used ((M-L)=0) which 
results in outputting the fuse data for the present value of 
the test parameter, a fail using more fuses available 
((M-L)<0) which ends the testing without shmoo test fuse 
data or a fail using all available fuses ((M-L)=0) which re- 
sults in ends the testing without shmoo test fuse data. 

[0045] For the second test sequence three events are possible. A 
pass with more fuses available ((M-L)>0) which results in 
outputting the previous test parameter value fuse data, a 
pass with all available fuses being used ((M-L)=0) which 
results in outputting the previous test parameter value 
fuse data or a fail using more fuses than available 



((M-L)<0) which results in testing with the next test incre- 
mented parameter value. 

[0046] For all other test sequence s three identical events are 
possible. A pass with more fuses available ((M-L)>0) 
which results in testing with the next test decremented 
parameter value, a pass with all available fuses being used 
((M-L)=0) which results in outputting the fuse data for the 
present value of the test parameter or a fail using more 
fuses than available ((M-L)<0) which results in testing 
with the next test incremented parameter value. 

[0047] Rules 1 through 7 described supra in reference to FIG. 3 
are intended to codify the test results and fusing action 
column of FIG. 7A. 

[0048] FIG. 7B illustrates one possible test sequence wherein the 
test parameter is VDDmin and ((M-L)=0) occurred at VD- 
Dmin = V6. 

[0049] FIG. 8 is a plot of the number of good chips on a wafer as 
a function of an exemplary test voltage range comparing 
standard test and repair with test and repair according to 
the present invention. Curve 400 defines the chip fre- 
quency distribution that results from standard memory 
testing of a memory array. Curve 405 defines the chip fre- 
quency distribution that results from standard memory 



testing plus shmoo memory testing of a memory array. 
850mv is the specification for parameter VDDmin and 
corresponds to the VI voltage of FIG. 7A. 690mv corre- 
sponds to the V2 voltage of FIG. 7A. 

[0050] The shmoo memory testing illustrated in FIG. 3 and de- 
scribed supra was applied to similar numbers of chips 
processed similarly. Curves 400 and 405 meet at a point 
A. As can be seen point B on curve 400 corresponds to a 
lesser number of chips passing at Xmv than point C on 
curve 405 corresponds to. Further, curve 405 shows the 
effect of shmoo memory testing in that a far larger per- 
centage of total chips are functional at 690mv than the 
percentage of total chips only subjected to standard 
memory testing. Shmoo memory testing thus allows im- 
proved yields for sorted parts. Further, stress testing indi- 
cates that the curve 405 parts had less defects and are 
more reliable than curve 400 parts. 

[0051] Thus, the present invention provides a methodology for 
testing and repairing memory circuits that improves relia- 
bility and increases best-case parametric performance 
yield. 

[0052] The description of the embodiments of the present inven- 
tion is given above for the understanding of the present 



invention. It will be understood that the invention is not 
limited to the particular embodiments described herein, 
but is capable of various modifications, rearrangements 
and substitutions as will now become apparent to those 
skilled in the art without departing from the scope of the 
invention. For example, the method of the present inven- 
tion may be modified to allow two or more test parame- 
ters to be shmooed and the available number of fuses di- 
vide among multiple shmoo memory tests. Therefore, it is 
intended that the following claims cover all such modifi- 
cations and changes as fall within the true spirit and 
scope of the invention. 



